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COMPLETE SPECIFICATION. 
Naphtha Reforming Process. 



We, CHiivncAL Cqnsixugaion Corpora- 
tion, b. corporation organised under the laws 
of the Stat:: of Delaware, United States of 
America, oi: 320 Park Avenue, New York 22, 
State of New York, United States of America, 
do hereby <leclare tJie invention for which 
we pray that a patent may be granted to us, 
and the method by which it is to be per- 
formed!, to lie particularly described in and 
by the foliating statement: — 

This invention relates to a process for 
forming a frydrogen-mtrogen gas stream, for 
instance an ammonia synthesis gas. A new 
approach to catalytic steam-reforming of 
naphtha has been developed, in which 
naphtha is completely converted to a syn- 
thesis ijas slifcam by externally fired catalytic 
steam refora, without concomitant accumu- 
lation of free carbon. The formation of 
lower hydrocarbons by liiermal cracking is 
also controHed and becomes a transient 
phenomenon:., and thus the final process gas 
stream contsdns only a negligible proportion 
of unnsactec lower hydrocarbons. 

Naphtha is a relatively volatile petroleum 
refining product or intermediate, which is 
generally defined in terms of boiling range. 
Thus, according to a crude oil survey in 
Industrial i:nd Engineering Chemisty 44 
#11 (Nov. 1 952) p. 2578 : , naphtha is defined 
as follows: "Naphtha content (of crude oil) 
is the total distillate recovered in the U.S. 
Bureau of Mines routine analysis at a vapor 
temperature of 392°F\ A more detailed 
definition o:c naphtha appears in "Petroehim 
Refining With Chemicals M by Kalichevsky 
& Kobe (19fJ6). A discus sion of naphtha on 
p. 21—23 of this text indicates that different 
naphthas may have boiling ranges from a 
low point oi: 122°F to a maximum of 400°F. 
Thus "naphlha" is defined as a general term 
which is applied to fractions boiling in the 
gasoline of low kerosene range. In general 
[Price ;s. 6d,] 



then, naphtha is a low-boiling and readily 
volatilized liquid hydrocarbon cut, derived 
from crude oil distillation in petroleum re- 
fining. This materials consists mostly of 
straight chain paraffins in the C-5 to C-9 
range, however, up to about 30% naphthenes 
together with up to 10% aromatics and un- 
saturated hydrocarbons may also be present 
In addition, naphtha also generally contains 
a significant proportion of sulfur in the form 
of COS and mercaptans. 

Naphtha may be utilized in a variety of 
ways. Thus, crude naphtha may be further 
refined and upgraded to yield a variety of 
finished petroleum solvents. In many re- 
fineries, naphtha is "reformed" in the petro- 
leum sense of the term. In this case, the 
crude naphtha is cracked, and hydrocarbon 
molecules are re-assembled in the presence 
of platinum or other suitable catalyst, so 
as to yield a substantial proportion of 
branched chain or aromatics molecules. This 
material is then blended with other refinery 
cuts for gasoline usage. In the terminology 
of the present invention, the word "reform- 
ing" has an entirely different meaning, and 
applies to conversion of a hydrocarbon to a 
gas stream substantially comprising simple 
molecules, not larger hydrocarbon molecules, 
for instance, hydrogen, carbon monoxide 
and carbon dioxide. 

Finally, naphtha may also be utilized as 
a hydrocarbon raw material for the manu- 
facture of hydrogen or ammonia synthesis 
gas. There are two general approaches to 
the conversion of the various types of hydro- 
carbons to synthesis gas, namely, steam re- 
forrning and partial oxidation. In steam re- 
forming, a normally gaseous hydrocarbon 
such as methane is mixed with steam, and 
the mixture is then passed through an ex- 
ternally heated bed of nickel-containing re- 
form catalyst. An endothermic reaction takes 
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place between the hydrocarbon and steam, 
resulting in the formation of a "synthesis 
gas" product stream containing principally 
hydrogen, carbon monoxide and carbon di- 
5 oxide. 

In the case of partial oxidation, a hydro- 
carbon raw material is reacted with oxygen 
or oxygen-enriched air at a highly elevated 
temperature. The product stream is then 

10 quenched, to yield a crude synthesis gas 
stream. A catalyst is not employed in con- 
ventional partial oxidation practice, since 
essentially complete reaction of the hydro- 
carbon is readily accomplished at the high 

15 temperature levels generated in this process. 
In addition, a variety of hydrocarbons may 
be employed in partial oxidation, including 
liquid or even powdered solid hydrocarbons 
as well as gases. 

20 As is well known in the art, catalytic steam 
reforming is generally limited to the usage of 
gaseous hydrocarbons, due to such problems 
as partial conversion and carbon deposition, 
when vaporized liquid hydrocarbons are 

25 employed- One approach to the steam re- 
forming of highef hydrocarbons such as 
naphtha is described in U. S. Patent No. 
2,940,840. In this process, the formation of 
free carbon in the catalyst bed is purposely 

30 brought about by overloading the catalyst. 
Although this process is cyclic and requires 
a regeneration period during which the de- 
posited carbon is oxidized for removal, it is 
claimed that the overall process efficiency is 

35 better than in prior practice. Another recent 
approach to the problem is described in U. S. 
Patent 2,943,062. A partial oxidation effect 
is obtained in a catalytic process by adding 
oxygen to a stream of hydrocarbon vapor or 

40 partially reformed gas, immediately before 
the stream is passed through a catalyst bed. 
The bed is not externally heated, instead 
the process is carried out in a refractory- 
lined chamber as in conventional partial oxi- 

45 dation. It will be evident that this procedure 
is subject to the principal economic draw- 
back of all partial oxidation processes, 
namely, that a plant for separating oxygen 
from air is required. 

50 In the present invention, naphtha is cata- 
lytically steam-reformed to produce an am- 
monia synthesis gas. Thus, a limited amount 
of process air is employed in the present in- 
vention to assist in the gasification of the 

55 naphtha prior to catalytic reform, as well 
as to provide the nitrogen gas component for 
subsequent ammonia synthesis. By "gasifi- 
cation" herein is meant the decomposition 
or reforming of the hydrocarbon or naphtha 

60 to the product gases. The process of the 
present invention depends on a unique bal- 
ance of reaction conditions to achieve the 
catalytic steam reforming of naphtha, since 
this is accomplished without accumulated 

65 deposition of free carbon. In addition, no 



significant amount of unreacted hydrocarbon 
is present in the final synthesis gas. The pro- 
cess is carried out in two stages, a gasifica- 
tion-conditioning stage ;md a catalytic steam 
reform stage. These stages of the process are 70 
distintly co-acting and dependent, in that it 
has been found that ths conditioning stage 
must be of shoit duration in order to pre- 
vent the reactants from reaching equilibrium 
with resultant deposition of free carbon in 75 
the catalyst bed. It has also been found that 
the reactants must be preheated in order to 
provide a minimum tem perature level in the 
conditioning stage. Th .i:s, in the present in- 
vention, process streams of uaphtha, steam 80 
and air are preheated and mixed. A partial 
reaction ensues, and the mixed process 
stream, now containing a variety of inter- 
mediate components bu I not in final reaction 
equilibrium, is passed through an externally 85 
heated bed of reform catalyst. A final pro- 
cess stream is produced by steam reforming 
of residual naphtha and. intermediate lower 
hydrocarbons. This Jinal process stream 
consists of a synthesis ;ras containing prin- 90 
cipally hydrogen, nitrogin, carbon monoxide 
and carbon dioxide. The stream is essen- 
tially free of unreactei hydrocarbons or ■ 
solid particulate carbon. 
..According to the present invention there- 95 
fore there :is provided a process for forming 
a hydrogen-nitrogen gai; stream which com- 
prises vaporizing and preheating naphtha to 
a 'temperature up to 1C00°F., superheating 
steam, and preheating ;rir, combining said 100 
streams of naphtha, ste*. m and air to form a 
mixed gaseous stream at a temperature of 
at least 1000°R, reacting said mixture for an 
interval less than 1.0 se conds in which said 
naphtha is simultaneously oxidized, cracked 105 
and partially reformed vrithout accumulated 
deposition of free carbon, and catalytically 
reforming tfie resulting ;gas mixture in con- 
tact with a reform cata"> r st at an equivalent 
linear velocity of at least 5 ft/sec, said 110 
catalyst being externally heated to maintain 
a reaction temperature of at least 1400°R, 
whereby a final reformed gas mixture sub- 
stantially free of hydrocarbons and compris- 
ing hydrogen, nilxogen, :>team, carbon mon- 115 
oxide and carbon dioxide is produced, with- 
out accumulated deposition of free carbon. 

Preferably the conditi ons are adjusted so 
that the naphtha is vaporized and preheated 
to a temperature of 400°K to 800°R, the 120 
mixed gaseous stream oJ ! naphtha, steam and 
air is at a temperature o I MOOT, to 1700°F. 
and pressure in the range: of 100 to 300 psig, 
and said mixed gaseous :itreara has a steam/ 
carbon molar ratio between 5 to 1 and 7 to 125 
1, and is reacted for a tirae interval from 0.05 
to 0.33 seconds, and the 3:esulting gas mixture 
catalytically reformed with the catalyst main- 
tained at a reaction temperature of at least 
1600°R, said gas mixt.ixe having a linear 130 
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gas velocity in the range of 10 to 30 ft. /sec. 
during said, catalytic reform. 

The mix :d gas stream produced after the 
fiist reactii>n time interval is preferably 
5 divided into- a plurality of partial streams and 
said partial! streams are passed into contact 
with said catalyst in a catalyst bed at a plural- 
ity, of spaa: d intervals, wherein the resulting 
catalytic reforming reaction takes place at a 

10 substantially uniform rate throughout said 
catalyftt bei:l and localized temperature de- 
pression is prevented. Said catalyst is pre- 
ferably disposed ia a bed having progres- 
sively increasing catalytic activity per unit 

15 volume of bed in the downstream direction 
of gas flow. Furthermore the bed is prefer- 
ably vertically oriented and said mixed gas 
stream is passed downwardly through said 
bed. 

20 The proiess ol: the present invention 
possesses several significant advantages. A 
primary advantage, is that naphtha is cata- 
lytically steam reformed to ammonia syn- 
thesis gas, vithout the concomitant accumu- 

25 lation of frt s carbon or tars, and without the 
production of lower hydrocarbons as a sig- 
nificant component of the final process 
stream. Thus, no lecycle or side stream dis- 
posal is required. The process is continuous 

30 rather than cyclic or intermittent In addi- 
tion, one major economic cost in partial 
oxidation processes, namely a plant for 
separating oxygen from air or other source 
of oxygen, is not required in the process of 

35 the present invention. Finally, conventional 
steam refoimer apparams rather than a 
special or c istly apparatus may be employed 
in the catalytic reforming stage of the present 
invention. 

40 The invention will now be described with 
reference to the accompanying drawing 
which is a i chematic dia^am of the method 
of the invention. Stream 1 is a liquid 
naphtha, de lived from petroleum refining or 

45 other types ;>f crude oil processing. Thus, as 
described si: pra, stream 1 consists princip- 
ally of straight chiiia parsifimic Hydrocarbons 
in the C-5 .to C-9 range, together with naph- 
thenes as well as minor amounts of arc- 

50 matic and, Jiulfur compounds. The liquid 
stream 1 is vaporized and preheated in heater 
2, to form naphtha vapor stream 3. Vapor 
stream 3 m;iy be produced at any suitable 
temperature, ranging from the boiling point 

55 of naphtha up to 1000°F'. Above this tem- 
perature leva the naphtha vapor may be- 
come unstable, and certain portions or com- 
ponent; will readily crack to smaller mole- 
cules with ironcomitant carbon deposition. 

60 Stream 3 thus is preferably produced at a 
temperature ranging from. 400° F. to 800°R 
Stream 4 consists of highly superheated 
steam, preheated usually to a temperature 
above 150Q' F„ and. preferably to the range 

65 of 1500°F. to 1700°F. Although lower ratios 



are feasible, it has been f oun<l that a range 
of molecules steam: carbon atom ratios be- 
tween 3 to 1 and 6 to 1 is desirable in pro- 
portioning the relative flow rates of streams 
4 and 3, in order to prevent accumulated de- 70 
position of carbon under normal operating 
conditions. 

Stream 5 consists of air, preheated usually 
to a temperature above 800°F, and prefer- 
ably to the range of 800°F to 1200°F. The 75 
proportion of air employed in the process is 
quite small, thus only enough air is used to 
provide a 3 to 1 molar ratio of hydrogen to 
nitrogen in the final ammonia synthesis gas. 
The streams 4 and 5 are preferably com- 80 
bined, to form a mixed steam-air stream 6 
at a temperature of at least 1100°F. Stream 
6 is now combined with naphtha vapor 
stream 3, and the mixed stream 7 is immedi^ 
ately passed into residence or gas condition- 85 
ing chamber 8. It will be appreciated that 
streams 3, 4 and 5 may be separately passed 
into chamber 8, however premixing of the 
air and steam to form stream 6 is a prefer- 
able procedure since this results in better 90 
and more rapid mixing of the several 
streams. Thus, stream 3 is more rapidly 
dispersed and diluted due to the mixing with 
stream 6, prior to entry of the naphtha vapor 
into residence chamber 8. Consequently, the 95 
possibility of transient carbon formation or 
deposition due to cracking of the naphtha 
is reduced by the pre-mixing step. 

In chamber 8, simultaneous reactions take 
place between and among the several react- 100 
ants and intermediate components. Hie tem- 
perature of the process stream immediately 
rises, due to exothermic combustion of a 
portion of the naphtha with the oxygen con- 
tent of the air. In addition, a portion of 105 
the naphtha is non-catalytically steam re- 
formed due to the high temperature and high 
steam concentration in chamber 8. This 
endothermic reaction serves to produce free 
hydrogen, and also moderates the tempera- 110 
ture rise due to combustion. A further por- 
tion of the naphtha is thermally cracked to 
lower hydrocarbons, due also to the high 
temperature level. However, simultaneous 
deposition and accumulation of free carbon 115 
does not instantaneously occur. Instead, the 
unstable lower unsaturated hydrocarbons are 
hydrogenated to a certain extent due to the 
in situ formation of hydrogen, which may 
possibly be formed in the nascent state. 120 
Thus, the resultant gaseous stream 9 con- 
tains significant proportions of steam, nitro- 
gen, hydrogen, carbon dioxide, carbon mon- 
oxide, unsaturated hydrocarbons (mostly 
ethylene), methane and ethane. It should be 125 
understood, however, that these components 
are present on a transient or instantaneous 
basis. If stream 9 is allowed to reach stable 
equilibrium under these process conditions, 
significant formation and accumulated de- 130 



4 



1,003,147 



position of free carbon will take place. 

Under some conditions, the temperature 
in unit 8 may be in the range of 1450°F to 
1500°R However, with such low reaction 
5 temperatures, the formation of free carbon 
may readily occur, especially after all the 
residual free oxygen is consumed, unless the 
residence time is kept in the range of 0.05 
to 0.33 seconds. With such short residence 

10 times, unreacted naphtha may pass into the 
following catalytic stage of the process, how- 
ever, as will appear infra, the formation of 
free carbon is readily prevented in the cata- 
lytic stage by maintenance of a temperature 

16 level above 1600°F. In general, the residence 
time in chamber 8 must be kept below 1.0 
seconds, and preferably in the range of 0.05 
to 0.33 seconds, in order to achieve the de- 
sired reactions without carbon formation. In 

20 addition, the instantaneous mix temperature 
of stream 7 must be kept above 1000°F, 
since it has been found in practice that the 
variousj:ompeting reactions will tend to form 
free carbon if the initial mix temperature is 

25 below 1000°F. This initial or instantaneous 
mixture temperature should preferably be in 
the range of 1400°F to 1700°F, in order to 
preclude carbon formation due to variation 
in process conditions. It wfll be evident that 

30 chamber 8 may actually, in terms of appara- 
tus design, consist merely of an insulated 
pipe section extending between the point of 
mixing of the reactant streams and the entry 
of the conditioned gas stream into the cata- 

35 lyst bed section. 

Stream 9 now passes into the catalytic re- 
former unit 10. Reformer 10 may be a unit 
of conventional design, such as shown in 

11 S. Patent 2,660,519. Thus, unit 10 is pro- 
40 vided with a plurality of reformer tubes such 

as 11 having a bed or charge of reform cata- 
lyst 12, usually consisting of nickel or cobalt 
deposited on a suitable carrier. Tube 11 is 
externally heated by such means as com- 
45 bustion of fluid hydrocarbon streams 13 with 
air streams 14, with flue gas removal via 15. 

As mentioned supra, it has been found 
that the temperature of the catalyst in bed 

12 must generally be kept above 1600°F, in 
50 order to prevent carbon accumulation. An 

exception to this general requirement of 
1600 °F minimum temperature during cata- 
lytic reforming is the case where stream 9 
contains unreacted free oxygen. Free oxygen 

55 could be present in stream 9 if residence time 
in unit 8 is kept very short Under such cir- 
cumstances, stream 9 and the initial portion 
of bed 12 in which free oxygen is present 
may be maintained at a lower temperature 

60 level, down to 1400°F, without concomitant 
accumulated deposition of free carbon. Of 
course, after all free oxygen is consumed, the 
catalyst bed must thereafter be kept at 
1600°F or higher to prevent carbon deposi- 

65 tion. As the process stream 9 passes into bed 



12, cndothermic steam reforming of hydro- 
carbons immediately takes place. In order 
to prevent a concomitant sudden drop in the 
in situ process tempen i:ure at the inlet end 
of bed 12 the equivalent linear velocity of 70 
the process stream in the bed 12 is main- 
tained at 5 ft /second or above. "Equiva- 
lent" linear velocity refers to the gas velocity 
which would exist at nrrnnal operating con- 
ditions, if the tube were not filled with cata- 75 
lyst. It has been determined that this linear 
velocity should preferably be in the range of 
10 ft /sec. to 30 ft /sec.-, in order to effec- 
tively spread out the reforming reaction 
through the bed 12 and thereby effectively 80 
prevent carbon deposition. Various other 
expedients may be adopted in this respect 
Thus, the apparatus concept embodied in 
U. S. 2,801,159 may alternatively be em- 
ployed in the present invention in order to 85 
more effectively disperse stream 9 into bed 
12. For example, a perforated tube may be 
employed in the present iinventionin order to 
more effectively disperse; stream 9 into bed 
12. Other modifications e.g. diluting the 90 
upper portion of catalyst bed 12 with inert 
material such as porcelain, so as to reduce 
the amount of hydrocarbon reformed per 
unit volume of catalyst, may also be adapted 
in order to extend the reforming reactions 95 
through bed 12 and thereby prevent localized 
temperature decrease aoid concomitant car- 
bon deposition. 

The resultant reformed gas stream is re- 
moved from tube 11 via 16. Stream 16 con- 100 
tains essentially only hydrogen, nitrogen, 
carbon monoxide, carbon dio;tide and steam. 
A typical volume analysis of stream 16 
(Table I infra, run #)2) was as follows: 
51.4% hydrogen, 22.5% nitrogen, 13.0% 105 
carbon dioxide, 12.1% carbon monoxide, 
1.0% methane and 0.0% unsaturated hydro- 
carbons. This analysis was on a dry basis, 
the total product stream generally contained 
about 50% steam on a total volume basis. 110 
In order to produce a finished ammonia syn- 
thesis gas with a 3:1 latio of hydrogen to 
nitrogen, stream 16 is now processed by 
conventional technology, not shown. This 
will include the usual j irocess steps of CO- 115 
oxidation, carbon dioxide removal, etc. It 
will be understood thai the process of the 
present invention may be carried out with 
other proportions of air, besides that which 
will yield a final 3:1 ratio of hydrogen to 120 
nitrogen. In some cases, such as when 
stream 16 is to be employed as a reducing 
gas, the proportion of atr will not necessarily 
be exactly such as to yield a final 3 : 1 ratio. 
Somewhat more air nuy be employed in 125 
such cases, since a higher proportion of 
nitrogen in the final product gas will not be 
objectionable. Using relatively more air in 
the process of the present invention is ad- 
vantageous since lower preheat temperatures 130 
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are required and further since the possibility 
of carbon deposition due to process upsets 
is lessed. Depending on the purity and car- 
bon formiig tendency of the particular 
nphtha, it vaQ also be possible in some cases 
to decrease the ratio of air employed in the 
process wiiihout depositing carbon in the 
catalyst bed. In this case, equipment size 
is reduced and a richer gas is produced. 
If the product gas is to be employed in 
ammonia s;/nthesis, further nitrogen may be 
added at a later stage of the process, prefer- 
ably after carbon dioxide removaL 

It has been found that operating pressure 
does not appear to be a significant variable 
in the prociiss of the oresent invention. Al- 
though pres sure as not critical, an operating 
pressure in the range of 100 psig to 300 psig 
is preferable since refonn plant equipment 
size is redu «^ed, and also because subsequent 
compression costs are reduced. In addition, 
reforming at elevated pressure yields a high 
pressure process gas which thus may be 
directly treated for carbon dioxide removal 
by hot potassium carbonate scrubbing. 

It will be evident to those skilled in the 
art that th^ significant process variables in 
steam reforming of naphtha according to the 
present invention are closely inter-related. 
Thus, the required minimum preheat tem- 
peratures of the reactant streams prior to 
chamber 8 will deoend principally on the 
residence time in 8 prior to entry of the 
mixed stream via 9 into bed 12. With lower 
residence ti mes in the range of 0.05 to 
seconds, it lias been found that the process 
may be successfully carried out with a resi- 
dence chamber temperature in the range of 
1450°F to 1500°F. However, if a longer 
residence interval ut> to 1.0 seconds is re- 
quired, then the initial streams 3, 4 and 5 
must be preheated to higher levels so as to 
provide a temperature iange of 1650°F to 



1690°F in chamber 8, in order to prevent 
accumulated deposition of free carbon in 45 
actual operation of the process. 

Similarly, it will be recognized that a 
minimum steam/carbon ratio of 3:1 is 
generally required, in order to satisfy ma- 
terial balance considerations by providing 50 
sufficient steam for complete reaction with 
the naphtha. However, a steam/carbon ratio 
in the range of 5:1 to 7: 1 has been found 
to be optimum in providing complete re- 
action, satisfactory reaction rate, and mini- 55 
mum tendency for carbon formation due to 
process upsets. Higher proportions of pro- 
cess air will generally be required if mini- 
mum steam/carbon ratios are adopted, in 
order to prevent carbon deposition. 60 

Following are tabulations of various pilot 
plant runs, which formed the basis for 
establishing the critical aspects and ranges 
which are the novel features of the present 
invention. Table I provides typical optimum 65 
conditions for essentially carbon-free opera- 
tion, while Table II is a tabulation of various 
runs in which carbon formation and accumu- 
lated deposition was a significant factor. A 
thin coating of carbon was found on the 70 
catalyst in many of the runs in Table I, 
however, this coating did not result in any 
accumulated deposition or buildup of free 
carbon on the catalyst. Apparently the 
steam-carbon reaction rate in these runs was 75 
equal to or faster than the carbon formation 
rate. In any case, it was found that process 
equilibrium was attained without accumu- 
lated deposition of carbon. Thus runs #5 
and #6 in Table I infra were carried out 80 
under substantially identical conditions. Run 
#5 was of 49 hours duration while run #6 
was extended to 269 hours duration. Analy- 
sis showed no accumulation of carbon in the 
catalyst after run #6, as compared to the 85 
catalyst after run #5. 



Tabib L 

Catalytic Steam Reforming of Petroleum Naphiha — Oph&ium Conditions* 



Feed Rates 



90 Run 

No. 


Naphtha 
(G.P.H.) 


Steam 
(SCFH) 


Air 
(SCFH) 


Inlet 
Pressure 
(PSIG) 


Residence 

Time 
(seconds) 


Reforming 
Temp.(°F) 

In Out 


Linear 
Velocity 
ft. /sec. 


1. 


0 15 


150 


23 


15 


0.028 


1400 


1600— 


17—19 
















1650 




95 2. 


an 


500 


30 


75 


0.05 


1400— 


1600— 


16—17 














1500 


1650 




3. 


0M 


380 


60 


75 


0.033 


1440— 


1630 


15 














1480 




4. 


0.44 


375 


60 


75 


0.13 


1400— 


160O- 


15 


100 












1500 


1650 




5. 


0.92 


700 


120 


150 


0.03 


1430— 


1600— 


15 * 














1490 


1640 



* Negligible or slight carbon formation. 
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Table I — cont. 



Catalytic Steam Reforming of Petroleum Naphtha — Optimum Conditions* 



Feed Rates 



— Inlet Residence 
5 Run Naphtha Steam Air Pressure Time 
No. (G.P.E) (SCFH) (SCFH) (PSLG) (seconds) 



Reforming 
Temp. (°JF) 



In 



Out 



Linear 
Velocity 
ft. /sec. 





6. 


0.92 


700 


120 


150 


0.03 


1430— 


1600— 


15 
















1500 


1650 




10 


7. 


0.92 


700 


120 


150 


0.24 


1600— 


1625— 


15 
















1650 


1650 






8. 


0.92 


700 


120 


150 


0.24 


1630 


1650 


15 




9. 


1.2 


1000 


150 


250 


0.32 


1575— 


1630— 


13 


15 










1630 


1650 






10. 


0.92 


700 


130 


150 


0.27 


1610— 


1650— 


15 














1670 


1670 






11. 


0.72 


700 


110 


150 


0.27 


1600— 


1650— 


15 














1615 


1660 




20 


n. 


1.2 


1000 


155 


"150 


0.30 


1640 


1605 


15 




13. 


1.15 


1000 


155 


150 


0.33 


1650— 


1700— 


5.6 














1665 


1775 






.14. 


1.15 


1000 


155 


150 


0.33 


1640— 


1600 


15 


25 










1620 








* 


Negligible 


or slight carbon formation. 
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Catalytic Steam Reforming of Petroleum Naphtha-- Miscellaneous Runs* 



Run 

No. 


Naphtha 
(G.RH.) 


Feed Rates 

Steam Air 
(SCFH) (SCFH) 


Inlet 
Pressure 
(PSLG) 


Residence 

Time 
(seconds) 


Reforming 
Temp.(°F) 

In Out 


Linear 
Velocity 
ft/sec. 


1. 


0.40 


380 


60 


75 


0.033 


1310 


1600— 


15 












1650 




2. 


0.40 


200 


60 


75 


0.05 


1400 


1650 


9.5 


3. 


0.40 


200 


60 


75 


0.06 


800— 


1600— 


9.5 










900 


1650 




4. 


0.70 


585 


115 


75 


0.02 


1330 


1620 


22 


5. 


0.24 


500 


45 


75 


0.031 


1400 


1650 


16 


6. 


0.40 


400 


60 


76 


0.033 


1400— 


1600— 


15 










1450 


1650 




7. 


0.70 


585 


120 


75 


0.023 


1400— 


1600— 


22 










1450 


1650 




8. 


0.92 


700 


130 


150 


0.033 


1500 


1650 


15 


9. 


1.1 


850 


140 


75 


0.015 


1410 


1630 


32 


10. 


0.62 


500 


90 


150 


0.05 


1400— 


1600— 


1° 












1500 


1650 




11. 


0.92 


700 


120 


150 


0.13 


1450 


1620 


15 



50 



* Moderate or heavy carbon formation. 
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Table H— cont. 



Catalytic Steam Reforming of Petroleum Naphtha— Miscellaneous Runs* 



Feed Rates 

Inlet Residence 

5 Run Naohtha Steam Air Pressure Time 

No. (G.PH.) (SCFH) (SCFH) (PSIG) (seconds 





12. 


0.31 


250 


50 


150 


0.30 


1450 


If. AO 


D 


10 














1500 






13. 


0.24 


200 


20 


75 


0 1ft 


itju — 


LODXJ 


/.J 
















1D\J\J 








14. 


0.92 


700 


120 


150 




\AfX\ 

LH\j\J 


1O0U 






15. 


0.92 


700 


120 


150 


0.30 


900— 


1650 


12 


15 














1000 






16. 


LI 


900 


140 


150 


0.35 


950 


1600— 


14 


















1640 






17. 


0.92 


700 


125 


150 


0.27 


1540— 


1450— 


14.5 




18. 












1600 


1500 






6.92 


710 


125 


150 


0.03 


1320— 


1450 — 


14.5 


20 












1340 


1480 






19. 


1.15 


1000 


155 


150 


0.33 


1600- 


1600 


5.6 
















1615 








20. 


U5 


1000 


155 


150 


0.33 


1570— 


1630— 


5.6 
















1575 


1700 




25 


21. 


LIS 


1000 


155 


150 


0.33 


1630 


1650— 


5.6 


















1700 






22. 


1.1.5 


1000 


155 


150 


0.33 


1630- 


1600 


15 
















1640 








23. 


1.115 


1000 


155 


150 


0.33 


1605 


1600 


15 


30 


24. 


1.15 


1000 


155 


150 


0.33 


1605 


1550 


15 



♦Moderate or heavy carbon formation. 



Following are analyses of the two com- fully reformed, that naphthas of varying 
mercial naphthas employed in the above compositions and analyses may be success- 
runs. AH Pins employed naphtha "A" ex- fully reformed by suitable selection of pro- 40 
35 cept for ran # 12 of Table 1 in which cess variables within the scope of the present 
naphtha "B" was tested. It is evident from invention, 
the fact that naphtha "B" was also success- 



Tablb HI. 



Specification of Tested Naphthas 



45 Naphtha Type A B 



Initial Boiling Point (°F> ... 


114—120 


130 


End Point (°F) 


229—248 


242 


Specific Gravity @ 60°F ... 
Composition (wt. % 


0.66 


0.7047 






Paraffins 


92.4—93.0 


57.4 


Naphthenes 


6.2—7.5 


32.5 


Aromatics 


0.1—1.1 


9.4 


Olefins 


0.1—0.2 


0.7 


Sulfur Content (ppm) 


11—27 


9 



Reforming Linear 
Temp. (°F) Velocity 
ft /sec. 

In Out 



8 
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The test equipment was modified in order 
to withdraw a test sample of the gas in the 
residence chamber. In this case, the operat- 
ing conditions of run #7 of Table I were 
5 employed, with the gas sample being with- 
drawn at 0.20 seconds residence time and 
quenched. Inlet temperatures of the reactant 
streams to the residence chamber were as 
follows: 



10 



Steam: 
Air: 

Naphtha : 



1675— 1680°F 
940— 1000°F 
600— 700°F 



Analysis of the residence chamber gas 
(dry basis) @ 0.20 seconds residence time 
15 was as follows (volume %): 

Sample Sample 
#1 #2 



Carbon dioxide 7.0 7.5 

Carbon monoxide 7.0 6\9 

20 Unsaturated hydrocarbons 14.1 10.9 

Methane 7.0 8.7 

Ethane 5.0 3.0 

Hydrogen - 13.9 15.5 

Nitrogen 46 45 

25 *mostly ethylene 

% of Naphtha gasified ... 95 97 
Adiabatic temp. (°F) ...1690 1730 

At a lower inlet steam temperature of 
1600°F, the adiabatic temperature at 0.20 

30 seconds residence time was in the range of 
1630— 1690°F. 

From the above analyses of the gas stream 
in the residence chamber, certain conclusions 
may be reached with respect to probable re- 

35 action mechanism. Thus, since no oxygen 
is present, combustion of naphtha has al- 
ready taken place to completion at 0.20 
seconds. Since some unsaturated hydro- 
carbons as well as ethane and methane are 

40 present, it is evident that some thermal 
cracking of naphtha also took place, prob- 
ably together with some hydrogenation of 
unstable free radicals and unsaturated carbon 
linkages. This thermal cracking thus was 

45 accomplished without carbon accumulation. 
Finally some free hydrogen is also present 
hence non-catalytic (thermal) steam reform 
of naphtha also took place. 
Thus, the competing reactions of naphtha 

50 combustion, cracking and steam reform are 
carried out'in the first stage of the process 
of the present invention. It has been deter- 
mined that, by maintenance of reaction con- 
ditions within certain critical ranges, these 

55 competing reactions may be carried aut with- 
out carbon accumulation. In addition, the 
resulting unstable process stream, when 
passed to catalytic steam reforming before 
further reaction ensues, is successfully steam 



reformed to yield further hydrogen and car- 60 
bon monoxide in a second stage without car- 
bon accumulation. In summary, the present 
invention essentially accomplishes the steam 
reforming of naphtha by a process which 
partially gasifies the naphtha vapor using 65 
preheated air and steam. It has been deter- 
mined that the resulting mixed gas stream 
may be successfully converted to a synthesis 
gas by conventional endolhermic catalytic 
steam reforming without accumulated de- 70 
position of carbon, if the mixed gas stream 
is passed into contact with a catalyst bed 
before final process equilibrium is reached. 
Thus, as discussed supra, the critical 
features of the piesent invention essentially 75 
involve the maintenance of the several inter- 
related process variables within operating 
limits in which the new result of the present 
invention is achieved, namely the continuous 
steam reforming of naphtha. As indicated 80 
supra, the process of the present invention 
may be employed to produce a reducing gas 
or other product gas stream with varying 
proportions of hydrogen and nitrogen, by 
varying the initial proportion of air. The 85 
lower limit of air employable will depend, 
in any specific instance, on the carbon form- 
ing tendency of the particular naphtha to be 
reformed and thus will be empirically deter- 
mined in practice. 90 

WHAT WE CLAIM IS: — 

1. A process for forming a hydrogen- 
nitrogen gas stream which comprises vapor- 
izing and preheating naphtha to a tempera- 
ture up to 1000°F., suoerheating steam, and 95 
preheating air, combining said streams of 
naphtha, steam and air to form a mixed 
gaseous stream at a temperature of at least 
1000°R, reacting said mixture for an inter- 
val less than 1.0 seconds in which said naph- 100 
tha is simultaneously o:<idized, cracked and 
partially reformed without accumulated de- 
position of free carbon, and catalytically re- 
forming the resulting gas mixture in contact 
with a reform catalyst at an equivalent linear 105 
velocity of at least 5 ft. /sec, said catalyst 
being externally heated to maintain a re- 
action temperature of at least 1400°F., 
whereby a final reformed gas mixture sub- 
stantially free of hydrocarbons and compris- 110 
ing hydrogen, nitrogen, steam, carbon mon- 
oxide and carbon dioxide is produced, with- 
out accumulated deposition of free carbon. 

2. A process according to claim 1, in 
which the naphtha is vaporized and pre- 115 
heated to a temperature of 400°F. to 800°F., 

the mixed gaseous stream of naphtha, steam 
and air is at a temperature of 1400°F. to 
1700°F; and pressure in the range of 100 
to 300 psis, and said mixed gaseous stream 120 
has a molecules of stea m /atoms of carbon 
ratio between 5 to 1 and 7 to 1, and is re- 
acted for a time interval from 0.05 to 0.33 
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seconds, and the resulting gas mixture cata- 
lytically reformed with, the catalyst main- 
tained at a reaction temperature of at least 
1600°R, said gas mixture having a linear gas 
5 velocity in the range of 10 to 30 ft. /sec. 
during said catalytic reform. 

3. A process according to claim 2, in 
which the mixed gas stream produced after 
said reaction time interval is divided into a 

10 plurality of partial streams and said partial 
streams arc passed into contact with said 
catalyst in a catalyst bed at a plurality of 
spaced intervals, whereby the resulting cata- 
lyst reformmg reaction takes place at a sub- 

15 stantially uniform rate throughout said cata- 
lyst bed and localized temperature depres- 
sion is prevented. 

4. A process according to either of claims 
2 and 3, in which said catalyst is disposed in 

20 a bed haviag progressively increasing cata- 
lytic activi ty per unit volume of bed in the 
downstream direction of gas flow. 

5. A process according to claim 4, in 



which said bed is vertically oriented and said 
mixed gas stream is passed downwards 25 
through the bed. 

6. A process according to any one of 
the preceding claims, in which said streams 
of naphtha, steam and air are combined by 
first mixing together the steam and air to 30 
form a first mixed stream at a temperature 

of at least 1100°R, and thereafter combining, 
said first mixed stream with the vaporized 
naphtha. 

7. A process as claimed in claim 1 for 35 
forming a hydrogen-nitrogen gas stream 
substantially as hereinbefore described in 
the Examples. 

8. A hydrogen-nitrogen gas stream when 
produced by a process according to any one 40 
of claims 1 to 7. 

STEVENS, LANGNER, PARRY 
& ROLLINSON, 
Chartered Patent Agents, 
Agents for the Applicants. 
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